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OBJECTIVES The purpose of this study was to test the ability of reinjection thallium-201 and rest
technetium-99m sestamibi ECG (electrocardiographic)-gated SPECT (i.e., reinjection-g-
SPECT [single-photon emission computed tomography] and MIBI-g-SPECT) to deter-
mine regional and global functional parameters.
BACKGROUND The ECG-gated perfusion SPECT was reported to provide accurate left ventricular ejection
fraction (LVEF) using an automated algorithm. We hypothesized that other various
functional data may be obtained using reinjection-g-SPECT and MIBI-g-SPECT.
METHODS Reinjection-g-SPECT, MIBI-g-SPECT, and three-dimensional magnetic resonance imag-
ing (3DMRI) were conducted in 20 patients with coronary artery disease. Regional wall
motion (RWM) and wall thickening (RWT) were analyzed using semiquantitative visual
scoring by each g-SPECT and 3DMRI. The left ventricular end-systolic and end-diastolic
volumes (EDV, ESV) and LVEF estimated by reinjection- and MIBI-g-SPECT were
compared with the results of 3DMRI.
RESULTS A high degree of agreement in RWM and RWT assessment was observed between each
g-SPECT and 3DMRI (kappa ..70, p , .001). The LVEF values by reinjection- and
MIBI-g-SPECT correlated and agreed well with those by 3DMRI (reinjection: r 5 .92,
SEE 5 5.9%, SD of differences 5 5.7%; sestamibi: r 5 .94, SEE 5 4.4%, SD of
differences 5 5.1%). The same also pertained to EDV (reinjection: r 5 .85, SEE 5 18.7 ml,
SD of differences 5 18.4 ml; sestamibi: r 5 .92, SEE 5 13.1 ml, SD of differences 5 13.0
ml) and ESV (reinjection: r 5 .94, SEE 5 10.3 ml, SD of differences 5 10.3 ml; sestamibi:
r 5 .97, SEE 5 6.7 ml [p , .05 vs. reinjection by F test], SD of differences 5 6.6 ml [p ,
.05 vs. reinjection by F test]).
CONCLUSIONS Reinjection- and MIBI-g-SPECT provide clinically satisfactory various functional data.
These functional data in combination with the perfusion information will improve diagnostic
and prognostic accuracy without an increase in cost or the radiation dose to the patients.
(J Am Coll Cardiol 1999;33:991–7) © 1999 by the American College of Cardiology
The introduction of technetium-99m (Tc-99m) myocardial
perfusion tracers has made practical the performance of
electrocardiographic (ECG)-gated single-photon emission
computed tomography (SPECT) (1–6). Germano et al. (7)
developed an automatic algorithm for ECG-gated SPECT
to assess left ventricular ejection fraction (LVEF). This
algorithm allowed analysis of ECG-gated SPECT data
automatically with a short processing time. These research-
ers also demonstrated that the algorithm is applicable to
relatively low-count images produced by ECG-gated
thallium-201 (Tl-201) SPECT, providing reliable LVEF
values (8). Because of its long history and well-established
utility for assessing myocardial perfusion and viability (9–
11), Tl-201 is still widely used. We hypothesized that
ECG-gated reinjection Tl-201 SPECT (reinjection-g-
SPECT) and ECG-gated resting Tc-99m sestamibi
SPECT (MIBI-g-SPECT) may provide regional and
global functional parameters including regional wall motion
(RWM), regional wall thickening (RWT), end-diastolic
volume (EDV) and end-systolic volume (ESV) as well as
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LVEF with the use of this algorithm in patients with
coronary artery disease. In the present study, therefore, we
evaluated the accuracy of these various functional parame-
ters obtained with reinjection-g-SPECT and MIBI-g-
SPECT, compared with three-dimensional magnetic reso-
nance imaging (3DMRI) in the same patients.
MATERIALS AND METHODS
Phantom experiments. For the validation of the left ven-
tricular (LV) volume measured by the Tl-201 or Tc-99m
ECG-gated SPECT and Germano’s algorithm in our
system and in order to compensate for possible inaccuracies
of the pixel size value in the image header, phantom
experiments were conducted using Tl-201 and Tc-99m.
The phantom myocardium (120 ml) contained 340 mCi for
Tl-201 and 780 mCi for Tc-99m. It bounded a known
endocardial volume (130 ml), which was measured using
magnetic resonance imaging (MRI). The ECG gating was
performed using an ECG simulator (M310, Fogg System,
Denver, Colorado), and the heart rate was at 75 cycles/min
in the phantom experiments. The ECG-gated SPECT
images were obtained using a dual-head gamma camera
(VariCam, Elscint, Haifa, Israel) equipped with a low-
energy high-resolution collimator (30 projections over 180
degrees, 8 frames per cardiac cycle, 40 s/projection for
Tl-201 and 20 s/per projection for Tc-99m). For Tl-201
studies, two energy windows were utilized (i.e., 30% win-
dows centered on the 70-keV peak and on the 167-keV
peak). For Tc-99m studies, a 20% window centered on the
140-keV peak was employed. Gated SPECT images were
prefiltered with Butterworth filter (order 5, pixel size 5
7.2 mm, cutoff frequency 0.40 cycles/pixel for Tl-201 and
0.45 cycles/pixel for Tc-99m). A zoom factor of 1.28 was
used. Data were reconstructed using a filtered back-
projection technique with no attenuation or scatter correc-
tion. The phantom volumes of the eight frames were
automatically calculated using Germano’s algorithm (7,8).
Human studies. Patients referred for routine stress/
reinjection Tl-201 SPECT and rest Tc-99m sestamibi
SPECT to assess myocardial perfusion, viability, and func-
tion from August 1997 to May 1998 were the source of
subjects in this study. Among them, MRI was conducted in
20 patients for clinical reasons within one week of these
nuclear studies, during which time patients were in a stable
condition. The 20 patients consisted of 15 men and 5
women (age range, 45 to 77 years; mean, 64.7 years).
Thirteen subjects had a history of myocardial infarction. All
patients had angiographically proven coronary artery dis-
ease.
SPECT imaging. Each subject underwent exercise Tl-201
SPECT as previously described (12). At peak exercise,
approximately 111 MBq of Tl-201 was injected intrave-
nously depending on the patient’s weight, and the patient
then continued exercise for an additional 60 s. Approxi-
mately 10 min after the termination of the exercise, the
initial SPECT imaging was performed. Immediately after
the termination of the initial scan, an additional 37 MBq of
Tl-201 was injected (9). Reinjection SPECT imaging was
performed 3 to 4 h later. Care was taken to have the camera
as close as possible to the patient. The Tl-201 ECG-gated
SPECT images were acquired with 60 s/projection, result-
ing in the total acquisition time of approximately 16 min
including the rotation time of the camera. Other acquisition
and reconstruction protocols were the same as those used for
the Tl-201 phantom experiments. On a different day, 600
MBq of Tc-99m sestamibi was injected with the patient in
the resting condition. Sixty minutes later, MIBI-g-SPECT
was acquired with 40 s/projection, and the total acquisition
time was almost 11 min. Other acquisition and reconstruc-
tion protocols were the same as those used for the Tc-99m
phantom experiments.
MR imaging. Magnetic resonance (MR) imaging was
performed on a 1.5-Tesla whole-body scanner (Horizon,
General Electric Medical Systems, Milwaukee, Wisconsin)
using multiple surface coils connected to phased array
receivers (13). Breath-hold cine MRI was acquired using a
segmented k-space gradient echo sequence with view-
sharing (14). The imaging parameters were as follows:
TR 5 11 ms, TE 5 1.4 ms, 20 degree flip angle, 196 3 256
matrix, 320 3 320 mm2 field of view, 8 or 10 lines/segment.
Cine MR images were obtained in midventricular vertical
and horizontal long-axis planes (7-mm slice thickness). In
addition, 10 to 12 contiguous sections (10-mm slice thick-
ness) were obtained in the short-axis plane covering the
entire left ventricle from the base to the apex to acquire
three-dimensional LV data.
Data analysis. The reinjection-g-SPECT and MIBI-g-
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The left ventricle was then divided into nine segments
(apex, apical-anterior, apical-septal, apical-inferior, apical-
lateral, basal-anterior, basal-septal, basal-inferior, basal-
lateral). The stress and reinjection Tl-201 SPECT images
were interpreted visually as to whether perfusion defects
were present using a 4-point scale (0 5 normal, 1 5
mild/equivocal defects, 2 5 moderate defects, 3 5 severe
defects) (15). The regional function shown by the
reinjection-g-SPECT and MIBI-g-SPECT was analyzed
by expert observers (T.K. and M.I., respectively) without
knowledge of the clinical information or the results of the
MRI studies. Regional wall motion was assessed using a
4-point scale (0 5 normal, 1 5 mild hypokinesia, 2 5
moderate to severe hypokinesia, 3 5 akinesia or dyskinesia).
Regional wall thickening was also scored on a 4-point scale
(0 5 normal, 1 5 mildly impaired, 2 5 moderately
impaired, 3 5 severely impaired to absent wall thickening)
based on the visual assessment of myocardial brightening
from diastole to systole in the nine segments. When
functional assessment was not feasible owing to absent
tracer uptake, these segments were assigned scores of “3” for
wall motion and thickening.
The MR images were read by an experienced observer
(M.M.) unaware of the results of the nuclear studies. Left
ventricular wall thickening and wall motion were similarly
scored based on the cinematic display of the breath-hold
cine MRI. Both EDV and ESV were calculated based on
Simpson’s rule by a manual tracing of the endocardial
border of each short-axis image (16). Finally, LVEF was
calculated from the EDV and ESV data (16).
Statistical analysis. Data are expressed as mean 6 SD.
The count statistics obtained by reinjection-g-SPECT and
MIBI-g-SPECT were analyzed by the paired Student t test.
The evaluation of agreement between the wall-motion
scores was performed using a kappa statistic. Systemic error
and the degree of agreement of global functional parameters
obtained by each g-SPECT and the 3DMRI were assessed
according to the method of Bland and Altman (17). The
degree of agreement between two methods was determined
as the mean differences (bias), standard deviation (SD) of
the differences, limits of agreement (mean 2 SD), standard
error of the mean difference, and 95% confidence interval of
the mean difference. A one-sample t test at the 5% signif-
icance level was used to determine whether the resulting
difference from zero, as an underestimation or overestima-
tion by g-SPECT measurements, was significant. An F test
at the 5% significance level was used to analyze the equality
of the standard deviation of differences between reinjection-
Figure 1. A typical LV end-diastolic (left) and end-systolic (right) short axis images of reinjection-g-SPECT (top), MIBI-g-SPECT
(middle) and MRI (bottom) in a patient with old myocardial infarction. Regional wall motion and thickening were impaired in
anteroseptal and inferolateral regions.
Table 1. Contingency Table of Reinjection-g-SPECT Visual
Wall-Motion Scores Against Cine MRI Visual
Wall-Motion Scores
Cine MRI Wall-Motion Score
(0) (1) (2) (3)
Reinjection thalliun
wall-motion score
(0) 104 5 1 0
(1) 3 11 3 0
(2) 0 5 13 6
(3) 0 2 7 20
Exact agreement 5 82%, kappa 5 0.70.
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g-SPECT and 3DMRI to that between MIBI-g-SPECT
and 3DMRI. A linear regression analysis was used to
compare the global functional parameters obtained by each
g-SPECT and 3DMRI. An F test at the 5% significance
level was used to analyze the equality of standard error of
estimates (SEEs) between the correlation of reinjection-g-
SPECT to 3DMRI and the correlation of MIBI-g-SPECT
to 3DMRI. A p value of less than 0.05 was considered
significant.
RESULTS
Phantom experiments. The mean cardiac volume of the
cardiac phantom filled with Tl-201 was 96.8 6 1.7 U in 8
frames in our system (total counts: 659.0 Kcounts). Accord-
ingly, the correction factor 1.34 (5130/96.8) was multiplied
to translate the measured value (units) into the real volume
(ml) in the human Tl-201 studies. The mean cardiac
volume of the cardiac phantom filled with Tc-99m was
105.4 U in 8 frames in our system (total counts: 849.7
Kcounts). In the human Tc-99m sestamibi studies, there-
fore, the correction factor 1.23 (5130/105.4) was multiplied
to obtain the real ventricular volume (ml).
Human studies. PERFUSION AND ISCHEMIC SCORE. Table
1 depicts the relevant clinical data for 20 patients. The
average summed rest perfusion score in 13 patients with
previous infarction was 6.15 (3;12). The average ischemic
score (the summed stress score minus the summed reinjec-
tion score) in seven noninfarcted patients was 4.29 (2;14).
Count statistics. The total myocardial counts in the rein-
jection Tl-201 studies were 600.7 6 132.7 Kcounts
(423;819 Kcounts), whereas those in the Tc-99m sesta-
mibi studies were 1161.7 6 294.7 Kcounts (572;1761
Kcounts) (p , 0.001). The Tc-99m sestamibi SPECT was
shown to provide a significantly higher myocardial count
rate than Tl-201 SPECT, with a shorter acquisition time.
Regional wall motion. Examples of reinjection-g-SPECT
and MIBI-g-SPECT images and corresponding MR im-
ages are shown in Figure 1. Results of the wall-motion and
thickening comparisons are shown in Tables 1 to 4. For the
assessment of wall motion, the comparisons between
reinjection-g-SPECT and 3DMRI and between MIBI-g-
SPECT and 3DMRI yielded exact segmental score agree-
ments of 82% (kappa 5 0.70) and 84% (kappa 5 0.73),
respectively. The exact segmental score agreement for wall
thickening was 84% (kappa 5 0.71) and 87% (kappa 5
0.76), respectively. More than 98% of the wall-motion and
thickening scores in both comparisons were within 1 point
of the corresponding MRI scores.
Global functional parameters. Bland-Altman (17) analy-
sis revealed no significant degree of directional measure-
ment bias in any of the comparisons of ECG-gated SPECT
data and 3DMRI data. Results of the Bland-Altman anal-
ysis are shown in Tables 5 and 6. Statistically significant
differences of the mean difference from 0 were found for
LVEF as an underestimation of reinjection-g-SPECT and
MIBI-g-SPECT compared with 3DMRI measurements
(p , .05). In contrast, no significant difference of the mean
difference from 0 was found for ESV or EDV. On every
measurement of LVEF, EDV, and ESV, the standard
deviation (SD) of the differences between reinjection-g-
SPECT and 3DMRI was smaller than that between MIBI-
g-SPECT and 3DMRI, whereas the F test revealed that,
for the ESV measurements, the SD differences between
reinjection-g-SPECT and 3DMRI were significantly larger
compared with those between MIBI-g-SPECT and
3DMRI (p , .05).
A linear regression analysis was used to correlate the
LVEF, ESV and EDV measurements obtained by the
reinjection- or MIBI-g-SPECT and 3DMRI. The results
are shown in Figures 2 to 4. In every correlation, the SEEs
of MIBI-g-SPECT were smaller than those of reinjection-
g-SPECT. The F test disclosed that for the ESV correla-
Table 2. Contingency Table of MIBI-g-SPECT Visual Wall-
Motion Scores Against Cine MRI Visual Wall-Motion Scores
Cine MRI Wall-Motion Score
(0) (1) (2) (3)
MIBI wall-motion
score
(0) 103 6 0 0
(1) 4 13 6 0
(2) 0 4 14 5
(3) 0 0 4 21
Exact agreement 5 84%, kappa 5 0.73.
Table 3. Contingency Table of Reinjection-g-SPECT




(0) (1) (2) (3)
Reinjection thallium
wall-thickening score
(0) 109 6 1 0
(1) 4 20 4 0
(2) 1 5 10 4
(3) 0 0 3 13
Exact agreement 5 84%, kappa 5 0.71.
Table 4. Contingency Table of MIBI-g-SPECT Visual




(0) (1) (2) 93)
MIBI wall-thickening score (0) 109 6 1 0
(1) 4 21 3 0
(2) 1 4 12 3
(3) 0 0 2 14
Exact agreement 5 87%, kappa 5 0.76.
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tion, SEE between MIBI-g-SPECT and 3DMRI was
significantly smaller than that between reinjection-g-
SPECT and 3DMRI (p , .05).
DISCUSSION
These data demonstrated that a high degree of correlation
existed in RWM and RWT scores between reinjection-g-
SPECT or MIBI-g-SPECT and those of cine MRI. The
LVEF, EDV and ESV values estimated by reinjection-g-
SPECT or MIBI-g-SPECT in combination with Germa-
no’s algorithm correlated and agreed well with those ob-
tained by 3DMRI, whereas MIBI-g-SPECT provided
more stable and accurate values of left ventricular (LV)
performance with a shorter acquisition time. These findings
indicate that ECG-gated SPECT using Tl-201 may be less
than ideal for obtaining functional data compared with
Tc-99m sestamibi, but is still clinically satisfactory.
Regional ventricular function assessed by several tech-
niques. Chua et al. (3) demonstrated that regional LV
function such as RWM and RWT can be reliably obtained
using MIBI-g-SPECT with high accuracy. The high cor-
relation found between the RWM and RWT of the
reinjection-g-SPECT and MRI shows that the image
quality of reinjection-g-SPECT is adequate for the visual
assessment of regional function and that 3 to 4 h may be
adequate for functional recovery from post-stress myocardial
stunning (7,8). Gated perfusion SPECT has several advan-
tages over the conventional radionuclide angiography or
contrast left ventriculography, because it can assess RWT.
These conventional techniques can only assess RWM to
estimate regional ventricular function. The feasibility of the
assessment of RWT is important especially in patients with
postcardiac surgery because of the high prevalence of post-
operative septal wall-motion abnormalities even in uncom-
plicated surgery (18).
LVEF measurements. The LVEF values were underesti-
mated by reinjection-g-SPECT and MIBI-g-SPECT com-
pared with 3DMRI measurements. Presumably this was
partly caused by the difference of the temporal resolution
between ECG-gated SPECT and breath-hold cine MRI.
In fact, Germano et al. (7) reported that a 3.7% loss in
LVEF percentage points would be expected when using
8-interval rather than 16-interval gating.
Volume measurements by Tl-201. Bateman et al. and
Akinboboye et al. (19,20) recently suggested the feasibility
of volume measurements using Tl-201 ECG-gated
SPECT. To our knowledge, however, the present study
obtained the first full validation of the use of Tl-201 for
estimating LV volume against 3DMRI. Moreover, this
study showed that the LV volumes can be automatically
estimated simultaneously in a perfusion study using Tl-201
or Tc-99m sestamibi.
ECG-gated Tl-201 SPECT versus Tc-99m sestamibi
SPECT. Germano et al. (8) and Maunoury et al. (21)
recently reported that LVEF can be assessed by Tl-201
ECG-gated SPECT. The present results showed that
Tl-201 could provide clinically satisfactory LV functional
information, whereas Tc-99m MIBI is more accurate and
reliable for the assessment of LV function in a shorter
acquisition time. The main disadvantages of the use of
Tl-201 for ECG-gated SPECT are the poorer myocardial
count rate and image quality in comparison with Tc-99m
myocardial perfusion tracers (8,21). Therefore, a long ac-
quisition time (16 min) was used in the current study.
Especially in the case of the Western patients who have a
larger physical constitution than do the Japanese, the
acquisition time should be longer. Thus, ECG-gated Tl-
201 SPECT may not be feasible in busy laboratories.
Patient discomfort and motion due to the long acquisition
time may also cause problems.
Table 5. The Difference Between Reinjection-g-SPECT and MRI
LVEF (%) ESV (ml) EDV (ml)
Mean 6 SD 23.5 6 5.7 1.8 6 10.3 24.5 6 18.4
Range 213.1 ; 8.5 212.4 ; 31.3 225.8 ; 32.4
SEE 1.2 2.3 4.2
95% Confidence interval 26.0 ; 20.9 22.9 ; 6.6 213.2 ; 4.2
Limits of agreement 214.9 ; 7.9 218.7 ; 22.4 241.3 ; 32.3
LVEF 5 left ventricular ejection fraction; EDV 5 left ventricular end-diastolic volume; ESV 5 left ventricular end-systolic
volume.
Table 6. The Difference Between MIBI-g-SPECT and MRI
LVEF (%) ESV (ml) EDV (ml)
Mean 6 SD 22.8 6 5.1 0.0 6 6.6 25.9 6 13.0
Range 210.4 ; 6.4 212.8 ; 14.0 227.2 ; 16.9
SEE 1.2 1.5 3.0
95% Confidence interval 25.3 ; 20.4 23.2 ; 3.2 212.2 ; 0.4
Limits of agreement 213.0 ; 7.3 213.3 ; 13.2 231.9 ; 20.1
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However, the Tl-201 stress/reinjection protocol is well
established for assessing myocardial viability (9–11). The
feasibility of the use of Tl-201 in ECG-gated SPECT will
make it possible to assess myocardial regional and global
ventricular function in addition to myocardial perfusion and
viability in a single imaging protocol, which is important in
the current cost-conscious environment. In addition, the
evaluation of transient ischemic dilatation induced by the
stress is reported to be useful to detect severe coronary artery
disease (22). Such a transient dilatation was detected using
stress Tc-99m sestamibi-gated SPECT acquired 15 min
after the tracer injection (23). However, the optimal time
postinjection for sestamibi or tetrofosim imaging is reported
to be more than 30 min, to allow for hepatobiliary tracer
clearance (24,25). Earlier acquisition after the tracer injec-
tion will cause a degradation of image quality. The hepato-
biliary uptake of Tl-201 is not a significant problem, and
Tl-201 imaging is usually initiated approximately 5 to
10 min after injection (12). Consequently, Tl-201 may be
advantageous for detecting transient dilatation induced by
stress. In certain clinical situations, therefore, we believe
that ECG-gated Tl-201 SPECT may be useful despite its
longer acquisition time.
Study limitation. Patients whose ESV were less than 30
ml were not included in the current study. However, it is
suggested that this automated algorithm tends to underes-
timate the ventricular volume when the chamber size is
extremely small (23,26). Therefore, some corrections may
be required for the accurate volume measurements of
smaller ventricles.
Conclusions. Although ECG-gated SPECT using Tc-
99m sestamibi provided more accurate and reliable func-
tional data in a shorter acquisition time compared to that
using Tl-201, a variety of functional data obtained by
Tl-201 ECG-gated SPECT were also clinically satisfactory.
No matter what perfusion tracer is utilized, therefore, we
believe that various functional data obtained with ECG-
gated SPECT will improve both diagnostic and prognostic
accuracy without an increase in cost or the radiation dose to
the patients.
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